"This year has been intense-and intensely fascinating. At times I have wished that I could step off the merry-go-round, just for a few minutes, to process everything." Recounted in a personal essay in Nature (1), Jennifer Doudna's reflections on her whirligig tour through the fraught world of human genome editing amount to a searching meditation on the social responsibilities of basic researchers. Fêted for her role in the discovery and development of a molecular method for precisely editing genomes, Doudna, a molecular biologist at the University of California, Berkeley and a member of the National Academy of Sciences, found herself unexpectedly thrust into the spotlight with a serendipitous finding that stemmed from an unrelated pursuit. "I hope you're sitting down because it's unbelievable how well it's working," she recalls a colleague reporting. The ability to precisely and rapidly alter human genomes-and the growing number of scientific reports resulting from it-have raised potent ethical questions that puzzle practitioners and pundits worldwide. Faced with a powerful new tool that can be wielded to heritably rewrite the human genetic endowment, decision-makers in the field now find themselves in an unenviable double-bind: To embrace the technology for human genome editing might open the door to ethically questionable engineering; to eschew it outright might deprive patients of potentially vital treatments for a handful of genetic disorders. As the scientific community prepares to carefully thresh out these questions in an Academies-sponsored international forum of diverse stakeholders over the coming months, PNAS sat down with Doudna to take the temperature of a turbulent corner of biology accustomed to heated debate.
PNAS: Despite the striking precision for which the Cas9 enzyme is widely hailed, concerns about its specificity for therapeutic applications have arisen, and several groups are working on ways to hone what is already a remarkably sharp molecular implement. Can you provide some context to the concerns surrounding these so-called off-target effects of the editing enzyme? Doudna: The system has evolved to be quite good at accurately seeking and destroying viral DNA in bacteria. A number of scientists have found that using just the wild-type Streptococcus pyogenes Cas9 protein leads to very low levels of off-target effects in model systems, such as organoids and whole mice. So it's quite an accurate system by nature. That said, we're trying to improve its accuracy, and various people have been working on engineering approaches, including splitting the protein in two parts, controlling the protein with small molecules or light, and more recently, introducing mutations into the protein that would inhibit its interaction with off-target sites in the genome. I don't know that anyone has tested any of these improvements in cells of the type we would want to modify for therapeutic benefit, so it's a bit early to say which of these approaches will be necessary and useful from an application standpoint.
PNAS:
In a December 2015 Science article (2), researchers announced successful CRISPR/Cas9-mediated postnatal editing of the defective dystrophin gene in mice that mimic Duchenne muscular dystrophy, partially restoring muscle function in these mice. Other groups are hard at work on somatic gene editing for other genetic disorders. Is your own team engaged in therapeutic efforts? Doudna: Indeed, we are. One of the challenges with this technology for many applications is delivery: How Jennifer Doudna. Image courtesy of Sam Willard (photographer).
do we deliver these editing molecules into the right tissues? With colleagues at Berkeley and Children's Hospital at Oakland, we have been working on targeting cells from patients with sickle cell anemia (other groups are also working in this area). It's an attractive system because blood cells can be removed from the body, edited, and reintroduced. That's one area we are likely to see rapid progress. Another area, which Editas Medicine recently mentioned in their IP filings, is genetic eye disease.
We are now learning that gene-editing tools can function not only as molecular scissors but as switches to fine-tune gene expression in mammalian cells. For example, Jonathan Weissman at the University of California, San Francisco [a molecular geneticist who rose to prominence for insights on protein synthesis and folding] and his colleagues have reported the use of CRISPR/Cas9 as a modifier of epigenetic marks in cells, demonstrating the sort of minutely orchestrated genetic control that had been largely considered far-fetched. What are the potential benefits of using genome editing for epigenetic modification? Doudna: I think this work is very exciting and somewhat underappreciated; Jonathan and his Stanford colleagues have essentially found a way to use this tool to control the expression of genes in the genome without actually cutting the genomic DNA. The immediate applications of this work are probably in the realm of understanding disease mechanisms and validating drug targets. There is already ongoing work in this area to screen for genes that when turned up or down provide drug resistance, for example.
Last month, the United Kingdom's regulatory agency on reproductive medicine, the Human Fertilisation and Embryology Authority, greenlighted research on donated human embryos at London's Francis Crick Institute, pending ethics committee approval. (The agency tempered the license with the caveat that edited embryos may not be stored or used beyond the 14-day stage or earlier if the embryos show certain signs of advancing development.) Truly, what insights are to be had by manipulating early human embryos that animal models cannot furnish? Doudna: This is an area of biology that's truly new to me, and I am on a learning curve here. But I was struck by Janet Rossant's [a Canadian biologist known for seminal work on early human development] presentation showing that we don't know much about early human development because we haven't had tools that allow us to alter the DNA of embryonic cells in a way that permits functional and mechanistic insights into early cell division and differentiation. I had no idea that we lacked that kind of fundamental knowledge; so this is going to be an important opportunity to make fundamental research advances with potential clinical impacts.
At the Academies' summit in December 2015, you mentioned efforts to ensure that scientific journals have common standards with which to evaluate and publish human genome-editing experiments. Would you care to elaborate? Doudna: On some level, journals play an important role in the way research is conducted. In particular, they have a responsibility to ensure that this kind of work has been carried out with appropriate approvals in the relevant jurisdictions. And, as you know, those regulations are different in different parts of the world. On the scientific side of the question, circling back to the earlier point about accuracy of editing, there needs to be agreement across the community working in this field on the appropriate standards to apply to experimental protocols. Keith Joung [a leader in the genome editing field at Massachusetts General Hospital] has taken a lead on this discussion, as have others. It's an important issue, particularly when you have to compare work done by different groups. How do you establish a benchmark for accurate editing? Are we going to require exome or whole-genome sequencing of edited cells to demonstrate accurate edits? That's one of the questions we are grappling with, and journals play an important role by influencing such decisions.
Another conundrum with genome editing is the potential ecological consequence of coupling the technology with systems like gene drives, which can propagate changes rapidly in the environment. It's not entirely clear how we should go about assessing unintended consequences. There have already been a few cases when a journal has contacted me about manuscripts under review to ask my opinion about dual-use concerns on genome-editing work. This is clearly a work in progress.
We have not heard much since the summary statement issued at the summit's end. Could you give our readers a preview of what is underway? Doudna: The National Academies committee is actively working on a report that addresses a number of issues pertinent to genome editing. The goal is to make the report a comprehensive position paper on the state of the technology and the Academies' stance, in terms of advising the federal government on regulating these experiments in the context of public policy. Personally, I am hoping to spur interest in a series of local meetings worldwide that would include not only scientific perspectives but stakeholders from various spheres. As you know, the technology is moving at an incredible pace, and we want to make sure that society at large is able to keep up.
PNAS: Consensus statements aside, as an RNA biologist who early on spotted the potential of a seemingly arcane bacterial phenomenon that has taken the scientific community by storm and thrown ethicists into turmoil, what is your personal view on the judicious use of human genome editing? Doudna: I would love to see research proceed unimpeded, under appropriate guidelines, of course, many of which are already in place. I am excited about what we are going to learn through these experiments.
